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INTRODUCTION 
The origin of this study arises from an attempt to verify the composi-
tion and to estimate the purit and activity of lysozyme which had been pre-
pared in the Biochemistry Research Laboratory of the Boston University School 
of Hedicine . Since it has been reported by Heyer and Hahnel (64) that lyso-
zyme 'dill h dr olyze its substrate into reducing sugars pa· t o ~11 i ch is 
acetyl glucosamine, and in this respect i s similar to another mucolytic 
enzJ~e, hyaluronidase, it was conceived that lysozyme, like h aluronidase, 
might hydr olyze the potassium salt of hyaluronic acid ~ Turbidimetric esti-
mation of lysozyme by its action on hyaluronic acid would thus provide a fast 
reliable method of assay for lysozyme. The first indications v-rere that this 
thought was a reality; however attempts to enhance this effect and to erify 
it with other preparations have been futile~ The two enz~mes are not the 
same but they are not distinct oppositese They are both of relatively low 
molecular weight, both mucolytic, proteinaceous catalysts. They are both 
reversibly oxidized, susc~ptible to activation by halogen, and both depoly-
merize their substrate with little increase in reducing groups (64 ). Both 
are inhibited by heparin (94, 57 ) . In view of these similarities, other 
relationships have been attempted; thus the guiding principle of the present 
study is a cowparison of the two enzymes . Without stretching a~y suggeetions 
which it rrdght be hoped were fact , to contrast and to compare have .been 
attempted wherever possible. Chain and Duthie (17) and others have shown 
hyaluronidase to break down hyaluronic acid; Kass and Seastone (43 ) have 
ased their turbidimetric assay on this principle. The same procedure has 
been tried on lysoz~ne. Organisms which are susceptibl e to lysis have been 
~-~~==-~-=~--=~=======~2 = 
'I I~ tested for hyaluronidase production. The effect of the two enzymes combined, 
both on lysis-susceptible organisms and on the mucopolysaccharide substrate, 
has been shown. Finally, some work has been done on the kinetics of the 
bacteriolytic reaction. ·while it might seem that this phase of the work 
detracts from the general theme of the paper, on second thought it does not 
·since it is further proof of the enzymic nature of lysozyme. 
-3-
HISTORICAL REVIE\'J 
L~ order to have a clear understru1ding of the effect on cells of hor~ 
manes, drugs, and poisons, of the portals of ent ry of infection, and the 
varying effects of vaccinial and other antigens, it is first necessary to 
know the effects of the agent inoculated on the intercellular matrices and 
conversely the effect of these Jnatrices on the inoculated agent . 
The spreading factors were discovered by Duran- Reynals (25) in 192~ as 
a result of a study of the effect of testicular extracts on vaccinial infec-
tion. Duran-Reynals wa~ted to know how a typical virus would behave when 
brought in contact with cells or extracts therefrom of susceptible or refrac-
tory tissues . The testicular extracts were sho·wn to enhance the spreading of 
the virus (70).. At first t his finding seemed to be of isolated interest. 
Hov1ever when certain pathogenic bacteria and poisonous snakes and insects (26 I 
were found to secrete the spreading factors, medical interest was aroused. 
Interest gathered as the concepts of invasive versus virulent infections were 
distinguished (26), the concept of critical concentration in allergic heno-
mena established (26 ) , and the miniDal infective dose for viruses defined 
(26) . Finally it was recognized by Jvleyer and others that these spreading 
"factors" were actually enzymes acting upon substrates (66)~ The spreadin 
factors were found to lL1uefy the ground substance of the mesenchyme. 
Spreading was shown to be a result of enzymatic activity on the normally vis-
cid barrier substance which decreases its viscosity close to that of water . 
Thus developed the picture of hyaluronidase and hyaluronic acid . 
Duran-Reynals applies the criterion that v1here the substrate is found 
the enzyme should al so be found ( 70) to the bacte:da-connecti ve tissue 
3 
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sequence , and sperm-granulosa cells . 
are robably found in the same cells. 
In stre tococci, enzyme and substrate 
He concludes that extremely subtle, 
artly enzymat ic mechanisms regul at e the physiolog<.f of t he ground substance 
and t he pe~eability of the blood and lymph capillaries ( 70 )~ These struc-
tures are intimately linked with t he physiology of the lvhole organism. 
I n 1934 Heyer and Palmer (66 ) defined hyaluronic acid, a olysaccharid 
acid which they obtained from the vitreous humor of cattle eyes, a subst ance 
\vhich reviously had been termed a "glycopr otein . 11 Hyaluronic acid, a sub-
stance of high mol ecul ar >•eight appear in in the vit r eous humor i n salt-like 
combi nation, is u.rlique i n higher animals. It may be compared with some of 
the specific ol ysaccharides of bacteria. No such substance is obtainable 
from egg white b Meyer ' s procedure. La er similar substances were obtained 
from t he umbilical cord and the synovial fluid (67) , and in many other arts 
of the body . Hyal uronic acid is characterized by its viscosity, varying with 
the source and preparation; it consists of 2-acetyl amino-glucose and glucu-
ronic acid .. 
From pnewnococci (63) the Meyer grou obtained an enzyme capabl e of 
hydrolyzing olysaccharide acids found in the vitreous humor , umbi ica cord, 
and grou A streptococci. These three acid pol-sacchari des were a arentl 
i dentical in structure~ 
Spreading factors were na.med h aluronidases by Chain and Duthie (17 
i n 1939 . They are mucolytic enzymes or mucinases . They were able to show 
that t heir reparation of hyaluronidase woul d abol ish the power of hyaluronic 
acid to coagulate with protein in ac i d solution, reduce the viscosity of h a 
uronic gels, and woul d eventual ly set free N- acetyl glucos¢awi_De, which 
4 
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showed complete hydrolysis . 
Hjraluronidase has been fOlm.d to bear a definit e and im ortant rel ation 
to many medical problems~ In the field of cancer Simpson (88) r ec entl has 
re or ted a distinct enh~Qcement of invasive growth with possible metast asis 
resultin6 from ocal inj ections of an ext ract containing spreading factors . 
With highly ptiTified testis eA~racts Simpson was unabl e to confirm his obser -
vations~ suggesting that t he observed eff ects were probably not due t o hyal= 
uronidase i tself, but t o some other components of the original re arati n, 
erhaps another mucolytic enzyme. 
Electron microscope (34) and histochemical studies (12) on t he ground 
substance have thrown light on the phenomenon of aging, to the effect that 
the changes taki ng l ace in the grounc subst ance as t he individual grovrs o de 
consist of the replacement of runorphous by fibrillar structures. 
McClean and Ro;fllands (59) were the first to show t he im ortance of 
hyaluronidase in effecting fertilization .. They demonstrated that hra uroni-
dase in the semen dissolves the cementing me.t erial which connects the cumu us 
cells surround:;'1g the tuba ova of the rat .. Ku:rzrok (47) has shovm that 
treatment of inf ertilit;y· by hyaluronidase has produced promisin res ts .. 
I n relation to i nvasion and virulence t he h aluronic acid~h aluronidas 
system in bacteria has rec~ived considerabl e attention . !;.icClean ( 57) sho>ved 
hat i n 94;!, of severe or moderate stre t ococca i nfections i n man the mucoid 
ol sacchari de , hy&luronic acidJ has been fot4~d i n "reater or l esser arr~unts. 
uran~Reynals (26 ) co·related invasiveness of staphylococci and stre tococci 
"th yield of diffusing factor . 
Cu_~liffe and co- workers (85 ) f eel that hyaluronidaG e production i s 
5 
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sirr.ilar to coagulase and alpha- hemolysin in that it is one of the more con-
stant characteristics of staphylococci isolated from infective lesions in 
man; ho-.-rever they feel that further work is needed before a distinct corre-
latio_ between h aluronidase production and virulence of organism ca11 be 
made,. Davison , Derovr and ,.falker (19) report that the d.-mutant of a hyaluroni 
dase-producing strain of staphylococcus does not produce the enzyme, but that 
the enz e reduction is resumed u on reversion to the S-form. 
Rheumatic fever is lmoi-m to be a disease of the mesenchyme and that 
the areas which are chiefly affected contain hyal~~onic acid (35)~ Hence 
several workers have in ·estigated the role of hyaluronidase in rheumatic 
diseases and the enzyme's inhibition by salicyl ates and other possibl e meta-
bolites containing the latter . The present concept of this matter is some-
\ihat confused (19). 
Various inhibitors of hyaluronidase activity have been sho1·m . Duran-
R.eyn&ls (26) sho1ved that hyaluronidase disap eared from the blood after 
·ntravenous injection. Hyaluronidase prepared from Clostridium perfringens 
stre tococcal strains was fonnd by Hobby 39) and his co-workers 
o be inhibited by normal human and rabbit serum~ Inhibition of hyaluronidas 
repared from bull, rabbit and mouse testis by guinea pig, rabbit , shee , 
orse, mouse and human serum was fo1.md by EcClean (57)8 Heparin, chondroitin 
ulfate, and bastric mucin also had an inhibitory action ~ The conte.tion of 
Taas , that hyaluronidase is inhibited by an antienzyme, has been disputed by 
=adidian (36) since the hyal uronidase activity vrhich is initially lost on 
cubation ·with the serum is recovered by rolonging the incubation without 
ltering the experimental conditions ~ 
Hyaluronidase has been assayed quantitatively by a measurement of the 
6 
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ttspreading eff ectn in the skin or ani mals, usinc, as an indicator a substance 
such as India ink 40). h1other method i s based on the idea that h aluro ic 
acid a~d acidifi ed protein form a typi cal fibrous mucin elat e I f the hya_-
uronic acid has been incubated >dth hyaluronidase reviously, varying amom t s 
of recipitation or clot format i on wi .1 occur de ending on the concentration 
of hyaluronidase (55, 80). The ca sul e of Groups A and C streptococcus may 
serve as the substrate i n anot her method of assay and the amount of enzyme 
necessary to effec t decapsulation i s calculated. Complications sometimes 
result i n this method when for instance the organisms lose t heir capsules 
without t he addition of enzyme (61 ).. accurate and widely used uantita-
tive method of assay f or hyaluronidase is based on the tbne r e ui red for the 
hyaluronic acid to reach half viscosity. This time i ncrement i s inversel 
roportional to the concentration of enzyme (56) . One unit of enzyme activit 
is the runount of enzyn1e that i s required to reduce the viscosity to one half 
in thi rty minutes . I f pure hyaluronate of Y~own hexose amine and uronic ac id 
content is used , a method of assay i nvol ving the increase in reducing sugars , 
or the increase in liberat ed N~acetyl glucosamine, may be em loyed (4 , 8 • 
The basis for the t urbidbnetric estimation of hyal uroni dase was l aid 
by Seastone and Kass and Seastone (43, 86 ),. Seastone showed that the addi-
tion of h aluronic acid to acidified protein under controlled H and ionic 
strength conditions results i n turbidity which is pro ortional to the arr~unt 
of hyaluronic acid present. That t he addition of hyaluronidase to the h al-
ronic acid followed by i ncubation will elirr~nate the formation of any turbi-
_ity at all was shown by Kass and Seastone. Hence a basis for the quantita-
tive t urbidirrtetric analysis of activity rests on the concentration of enzyme, 
7 
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which is inversely proportional to the amount of turbidity remaining after 
the addition of protein. Meyer (62) has shown that this reduction in turbi-
dity rests on the fact that the hyaluronidase is able to hydrolyze the N-
acetyl glucosamine linkage. Tolksdorf and co-workers (99) have modified this 
method, basing their determination upon the amount of hyaluronic acid which 
remains after some specified time. Dorfman (23) has shawn that pH and ionic 
strength affect hyaluronidase activity. He has shown that the activity drops 
more rapidly on thealkaline side of the maximum than on the acid side, and 
that the activity of the enzyme varies with the ionic strength. McClean and 
Hale (70) have shown that the chloride ion is an activating agent. Davison, 
Derow and Walker (19) used essentially the procedure of Tolksdorf for the 
production of staphylococcal hyaluronidase and their procedure was followed 
in the present study with good results. 
In 1922 Fleming (29) noted the occurrence in the nasal mucus of man of 
a bacteriolytic substance which had properties not unlike those of a ferment. 
He termed this substance lysozyme. Bacterial cultures from the nasal surface 
may be shown to undergo a dramatic lysis if nasal mucus is added to the cul-
ture. At first Fleming thought this property was peculiar to the nasal 
~ucosa, but subse~uently similar lytic properties were demonstrated by tears, 
egg white, and other biological fluids. If a 10% solution of tears is 
~rought into contact with ·~ opaque suspension of Micrococcus lysodeikticus 
rn salt solution at a temperature between 37C and 50C, the suspension will be 
bompletely cleared in a few seconds. Earlier workers had noted similar lytic 
~!feet but failed to recognize the enzymatic nature of the substance respon-
sible for the activity. Laschtschenko (4S) observed microscopically the lysis 
g 
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of Bacillus subtilis and related organisms by egg white in 1909. Suzuki (82), 
in 1911, reported similar activity on certain air cocci by the action of leu-
kocytic extracts. Bloomfield (9), in 1919, showed that saliva was capable of 
lysing sarcinae. Since the initial discovery of Fleming, the term "lysozyme" 
has come into general use; hov1ever some confusion has resulted from the lack 
of a clear-cut definition. There has been no general agreement as to whether 
lysozyme should be restricted to all the agents which dissolve Fleming's 
coccus, whether several different substances may accomplish this activity, or 
whether there are other 11lysozymes 11 which do not dissolve this particular 
organism. Thompson (95) in his review of lysozyme in 1940, realizing the 
confusion which had arisen previous to that time, built a definition of lyso-
zyme on the basis of properties of the bacteriolytic agent derived from egg 
white. 
Fleming (30) himself as late as 1932 considered lysozyme to be a prim-
ary method of destroying bacteria inherent in all animal cells. He knew that 
was most deadly for non-pathogens, but thought that in its full strength 
would act against many pathogens. He noted that some bacteria obviously 
ere able to acquire a certain amount of resistance to lysozyme, and that 
here was probably more than one lysozyme in order to account for differences 
source and properties, and varying degrees of susceptibility. 
Blood, tears, saliva, sputum, nasal mucus, pleural effusion, ascitic 
hydrocele fluid, pus, abnormal urine, ovarian cyst fluid, parotid 
and semen contain lytic agents; whereas cerebro-spinal fluid, normal 
ine and sweat shm'l no lytic power. Among tissues, liver, tonsil, kidney, 
testine, stomach, meninges, skin, and cartilage show lytic activity; 
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highest titers beli1g shown by cartilage (31). The milk of most species con-
tains lysozyme (11). However cow's milk contains only small amounts which 
decrease rapidly on standing. Human milk is a comparatively high source (8). 
Cattaneo and Maggiera-Vergano (18) report that the lysozyme content of the 
feces of the newborn originates directly from the nutrition and has funda-
mental bearing on the development of the bacterial flora, indicatL~g that 
feeding with artificial preparations of cow's milk may lead to dangerous bac-
terial growth. Colostrum also contains lysozyme. In his review before the 
Royal Society of Medicine in 1932, Fleming (30) reported leukocytes to be 
rich in lysozyme. Ridley (78) found that human leukocytes have approximately 
the same content as tears and he states that the lysozyme content of blood 
probably originates from the leukocytes. 
Hartsell (37) states that colds seem to have a reducing effect upon 
the amount of lysozyme in nasal secretions. Stimulation of tear glands by 
pilocarpine and hypersecretion of the glands reduces the lysozyme titer. 
~rickett in 1937 (76) reported tha.t the lysozyme content of the tissues of 
Vitamin A deficient animals was consistently higher than normal except in 
animals receiving lysozyme fluid instead of water, whose tissues had the same 
pontent as those of the normal anliual. In 1937 Sullivan and Manville (93) 
suggested that Vitamin A and uror1ic acids may act as trigger mechanisms in 
~he secretion of lysozyme in the mucus. Animals deficient in theae two fac-
jvOrs were found to be able to produce lysozyme in their tissues but unable to 
ptilize it as a defensive mechanism. Hartsell (37) considers the influence 
pf an avitaminosis on the lysozyme content to be debatable. 
Lysozyme has recently been obtained from Fiscus latex by Meyer, Hahnel 
10 
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and Steinberg (65). This preparation seems to be somewhat different both 
chemically and immunologically from egg white preparations and is much less 
active as a lytic agent on bacteria. Cabbage, turnip and cauliflower and 
also bacteria are sources of lysozyme (37). Castadena (16), in 1945, iso-
lated it from donkey milk, his product having much less activity than the 
egg white variety. 
Most of the recent workers who have added to a unified conception of 
lysozyme have used Micrococcus lysodeikticus as the test organism (2, 3, 77, 
79). Their findings have been in accord with those of ~eyer and co-workers 
who have used sarcinae as the test organism.(68) In view of these reports 
lysozyme is a basic protein or polypeptide. Meyer (69) estimated the mole-
cular weight of lysozyme to be around 25,000 . Alderton and Fevold some years 
later (6) reported an estimate of 17,500. Pasynskii and Plaskew (74) by dif-
fusion methods report the molecular weight to be around 13,000. This figure 
agrees ~uite closely with the data of Palmer and co-workers (73) who deter-
mined molecular weight to be around 13,900 % 600 by x-ray diffraction. 
It is quite soluble in acidified aqueous mediums, but insoluble in 
alkaline mediums; it is soluble in water and physiological saline, stable to 
eat in acid and heat labile in alkali (95). Lysozyme is precipitated from 
solutions by acetone, alcohol, ether and other organic solvents with-
ut destroying it. The isoelectric point is at pH 10.5 to 11.0. Pasynskii 
and Kastarskaya (75 ,) report the isoelectric point to be at pH 6. Hartsell 
(37) offers the explanation without discussing his reasons that this differ-
ence is probably due to the buffers. At pH 11.5 no loss of activity is 
Uetected over a period of from five to six hours (95). The activity of 
ll 
-12-
amorphous lysozyme closely parallels that of the crystalline product (52). 
Recently Fromageot (33) has made a thorough study of the amino acid 
composition. Previous references to amino acid composition were scattered. 
Abraham (3) reported a 4.4% tyrosine content and 2.2% tryptophane content. 
Lewis and Olcott (103) found 3.5% 1(~) glutamic acid to be present in lyso-
zyme. Fromageot used pure lysozyme crystallized from egg white; his results 
expressed in radicals per molecule and as percentage per molecule are tabu-
lated in chart 1. 
Alderton and Fevold (5) report two crystalline modifications of lyso-
zyme chloride: (1) at pH 3.5 to pH 6.0, tetragonal, bipyramidal crystals, 
and (2) from pH 7 to pH 11 needle-shaped, orthorhombic crystals. The tetra-
gonal crystals give good dif fraction patterns (42, 73); hence Palmer, Ballan-
tyne and Galvin developed their molecular weight determination based on x-ray 
study. 'rhey report positive, uniaxial birefringence of the first order. 
Meyer and co-workers (69) found that lysozyme is inactivated by hydrogen per-
oxide and iodine and by some heavy metals, concluding that it is active only 
in the reduced state. They found that under certain conditions the inacti-
vation could be reversed by hydrogen sulfide or cyanide. One active group 
~as thought to contain a sulfhydryl radical. 
Ermoleva (28) reports on the chemical composition of lysozyme: 0.64% 
sulfur, 0.25% phosphorus, 6.4% hydrogen, 48.65% oxygen and 15.0% nitrogen. 
Fraenkel-Conrat and Olcott (32) have esterified lysozyme by alcohols of low 
~lecular weight. 
Klotz and Walker (45) found that lysozyme formed precipitates with 
sodium thymus and yeast adenylic acid, and with both pepsin and sodium dodecyJ 
12 
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Chart 1 
The Amino Acid Composition of Lysozyme. 
Fromageot - Biochem. et Biophys. Acta 2: 82-91 (1949). 
Amino Acid Radicals Percentage 
per molecule in the molecule 
Tryptophane 5 7.47 
Tyrosine 3 3.83 
'· Phenylalamine 2 2.37 
Aspartic acid 11 10.5 
Glutamic acid 3 3.0 
Arginine 
'· 
11 13.4 
Histidine 1 1.08 
Lipine 5 5.5 
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sulfate at pH values below 12. Smith and Stocker (89) have determined a 
relationship between the length of the carbon chain and the functional group 
in various series of straight chain aliphatic compounds. They found that 
optimal inactivating efficiency occurs in a range of carbon chains from 
twelve to sixteen carbons in length, increasi...'1g vlith length and concentration 
Alkyl sulfates, fatty acids, sodium salts of fatty acids and aliphatic long 
chain alcohols of twelve carbons or 1nore inhibit lysozyme depending on their 
solubility; the more soluble the more will it react with the enzyme. Experi-
ents show that the inhibition is not due to the formation of an insoluble 
complex, but rather to changes in the protein molecule itself. Hoss and 
1artin (71) found lysozyme to be inhibited by sodium alkyl sulfate, sodium 
decylbenzene sulfonate, N-pyridinium chloride, a synthetic zeolite, an acti-
vated carbon atom and by hydrated aluminmn silicate (Bentonite). Bile and 
igh concentrations of sodium chloride have been found (13) to slow down the 
of sarcinae; whereas gastric juice and lo~ concentrations of sulfona-
' "des (1%) do not inactivate it. Ferrous sulfate exerts an inhibition which 
y be counteracted by sodium pyrophosphate (104). Lawrence and Klingel (50) 
ound an azosulfonamide which completely suppressed the lytic action on Micro 
occus lysodeikticus in dilutions of 1:10,000. Ferrous or ferric iron over-
ames egg white inhibition on the same organism (83). Casein stimulates lyso 
action according to Paikina (72). 
Meyer and co-workers (69) found that lysozyme as an enzyme has no pro-
kinase, amylase, lipase or phosphatase activity. This is in contrast 
original finding of Fleming who regarded the saliva activity as simila 
o amylase action. Schultze (84) observed that lysozyme from fresh egg white 
13 
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was free of proteinase activity. Hovfever, Neyer and Hahnel (64) regard lyse-
zyme as being s~nilar to hyaluronidase in the respects mentioned previously. 
Spanier and Deribas (92) report that both ovalbumin and human tears 
show the presence of an active nucleotidase. They attribute the bacterioly-
tic nature of lysozyme preparations to this nucleotidase function. Califano 
(14) reports that both gram-positive and gram-negative organisms release 
nucleic acids when they are lysed by lysozyme. 
I Lysozyme is antigenic and will give specific precipitin reactions (37) 
Lysozymes from varying sources do not give cross reactions though they posses? 
the common pr operty of lysing sensitive bacteria. Smolens and Charney (91) I 
confirmed the fact that crystalline egg white lysozyme is antigenic and that 
antilysozyme rabbit serum inhibits the activity of lysozyme on ¥dcrococcus 
lysodeikticus. 
Longsworth, Cannan and Macinnes (54) made an electrophoretic study of I 
the proteins of egg white and reported the presence of only one component 
with an isoelectric point above pH ?.0. They designated this component as 
~ and determined its mobility to pH ?.8. Extrapolation of the mobility curv 
shows an isoelectric region around pH 10.5 to 11.0 which agrees closely with 
!the isoelectric point of the protein contained in the lysozyme preparation of 
Alderton, Ward and Fevold (6). They believe that Longsworth's egg white com-
14 
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that saliva lysozyme was destroyed by heat at 70C. The lysozyme in nasal 
mucus, sputum, and some solid tissues required heating at 75C for ten minutes 
to destroy lytic or inhibitory functions. To destroy the lytic activity in 
tears boiling for over 30 minutes was required. The rate of lysis was found 
to increase with time up to 60C and to decrease after 65C. Lysis was shown 
on both dead and living organisms. 
Considering the extract which Meyer and co-workers obtained from sar-
cinae (69), the lytic agent in cat saliva studied by Roberts and his col-
leagues (77), the che11ical actions of rabbit leukocyte extracts, human tears, 
cat and human saliva on the purified carbohydrate substrate obtained from the 
!micrococcus as studied by Epstein and Chain (27), Thompson (95) concluded tha 
these lytic agents - 11lysozymes 11 - are very similar. Even though they come 
from widely diverse sources, Thompson includes them all in his definition of 
lysozyme. 
Meyer and Hahnel (64) found that bacteria vary greatly in their sen-
sitivity to lysozyme according to the media on which they are grown, the 
strain and the method of killing the cells before testing for lysis. Such 
variations they explain as -
"changes in the autolytic enzymes contained within the 
bacterial cell, which contribute to a varying degree 
to the visible clearing of bacterial suspensions." 
Several methods for testing for this lytic activity have been pro-
mulgated. Fleming and Allison (29) used the relatively simple method of 
noting the clearing of bacterial suspensions or the inhibition and destructio 
on plate cultures. ·~·elshimer and Robinow (100) observed lysis microscopi-
cally. Meyer and Hahnel (64) used a viscosimetric method. Boasson (10) 
15 
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followed the lysis of the cells by means of the Moll extinctiometer. The 
Smolelis and Hartsell (90) method involves the use of the spectrophotometer. 
Klemparskaya (44) noted that bacteria may be grouped according to 
whether they are lysed or flocculated. He found flocculation to be con-
trolled by pH and concentration of enzyme, and that difference in behavior 
was due to the different colloidal structures of the organisms. Boasson (10) 
believes that the essential feature of a substrate which is to be lysed by 
lysozyme is that it contain an acetylated aminopolysaccharide. 
Hartsell (37) integrates the process of lysis into three phases: 
(1) adsorption of the enzyme onto the cell surface containing the specific 
substrate; (2) depolymerization of the substrate; and (3) visible alteration 
of the cell. Dorfman (20, 21, 22, 24) using Abramson's modification of the 
~micro-electrophoretic chamber of Northrop studied the entire process of lysis 
extensively. He observed that in the adsorption phase there occurred a rise 
~n the electrokinetic potential at the surface of the sensitive cell, which 
!falls to normal in from five to ten minutes. The reverse occurs in insensi-
~ive cells. The kinetics of the reaction was not influenced by substances 
Jbtained from lysed cells or by impurities in the preparation of enzyme. 
Shabordin (87) observed that lysozyme lyses dead or live cells in an unimole-
~ular type of reaction. 
According to Dorfman lysozyme then acts specifically on the substrate, 
~hanging it into u1soluble N-acetylaminohexose or ketose even when the sub-
~trate is combined with antibody. Temperature, pH, ionic strength and con-
~entration affect this phase of the reaction. Several other changes occur as 
~he depolymerization proceeds. Oxygen uptake ceases; non-protein nitrogen, 
16 
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of these chemical and physical changes has occurred, l ysis becomes visible. 
The cell swells, the membranes become impermeable (7), and the contents of 
jthe cell are liberated. Meyer (69) believes that autolytic enzymes also 
!af fect this process . Dorfman {22) measured the size of the 
after lysis and found them proportional in size to the rate 
particular 11cells 
1 of l ysis. Part i-
1 
cles from lysed, heat-treated cells had greater size than those f r om living 
!
bacteria or phenolized cells. 
As stated earlier, lysis is directly related to temperature; and 
though ther e is little agreement as to optin1al pH conditions, pH has also 
been shown to be an important factor. Kopoloff, Harris and HcGinn (~.6) have 
found that the medium on which the organism is grown is important. Beef 
extract agar increased the susceptibility of the micrococci. Optimal con-
centrations of enzyme must exist, but have not previously been reported, nor 
has the effect of an excess of enzyn1e in opt i mal conditions. 
Robinow, and Welshimer and Robinow (100) report that Bacillus mega-
therium cells are lysed by lysozyme. The lys is, observed microscopically, 
was more rapid if the autolJ~ic enzymes remained intact. A recent report 
from Robinow (101) is that the megatherium 899 is lysed in about ten minutes 
by 20 meg per ml of Armour's lysozyme. 
With reference to pathogenic forms, Thompson and Khorazo (98) report 
on the lysis of staphylococcus. Earlier reports were that if the particular 
staphylococcus were susceptible, it was not a pathogenic type, assuming that 
lysozyme-resistant bacteria are pathogenic. TI1e strains which were 
17 
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susceptible to lysozy.mic action were of the lemon-colored variety, did not 
ferment mannite nor did they produce coagulase. These latter two proper ties 
have been accepted as designating pathogenic strains, thus indicating the 
lysozyme-susceptible staphylococcus to be non-pathogenic. Pathogenic vari-
eties are attacked if the lysozyme concentration is great enough. 
Abano (1) reports that lysozyme modified the morphology and cultura 
properties of Bacillus diphtheriae. Gram-positive properties and ability to 
reduce tellurite were lost. There seemed to be a partial agglutination sine 
the suspensions were less op~ue and less stable. The actions of nasal 
and the purified lysozyme seem to be similar. The lytic titer of saliva ha3 
been shovm to be 80 to 150 Fleming units and of nasal mucus, 1300 to 1800 
units. 
No inactivation of viruses has been detected (3?). 
In 1940 Thompson (95) wrote -
"Provisionally it seems justifiable to include lytic 
actions of lysozyme-containing materials on various 
saprophytes as evidence of lysozyme action.!r 
However in this connection Hartsell (37) suggests that a negative result 
requires further consideration. 
"Either of three possibilities is apparent: (1) the sub-
strate is not within the cell therefore lysozyme could 
not act upon it, or (2) the substrate was there but no 
lysis was possible because conditions for the solubility 
of the cell substances were not optimal, or (3) the sub-
strate was there, the conditions for the solubility o! 
the cell substance were optimal but the permeability of 
the cell wall could not be altered to allow the cell 
substance to pass from it." 
The latter condition would result in inhibition but no lysis. 
Lawrence (49) made the suggestion that lysozyme was biotin-saturate 
18 
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avidin; however the work of Alderton, Lewis and Fevold (5) clearly separates 
avidin, biotin and lysozyme. 
Meyer (68) has reported on the lysozyme content of human gastric 
juice. He found that it is increased in cases of peptic ulcer, and decreases 
after vagectomy. Mucosa of the antrum, pylorus and duodenum were also found 
to be high in lysozyme content. These facts prompt Meyer to postulate that 
lysozyme has a role in the etiology of peptic ulcer. In chronic ulcerative 
colitis the colon was found to be abnormally high in lysozyme. In t his 
instance Meyer suggests that the lysozyme removes the protective surface of 
~ucus thus preparing the way for a necrot i zing action by bacteria. 
The first investigator to isolat e the active lytic principle from 
egg white was Wolff (102) in 1927. He preci pitated the diluted egg white 
~th colloidal iron, filtered, and evaporated to a small volume. He then 
alternately reprecipitated and dialyzed the aqueous solution of the precipi-
tate several times. The fb1al product was a white powder, soluble in water, 
insoluble in organic solvents, free of sulfur, phosphorus and nitrogen. 
In 1935 Meyer and his co-workers (69) extracted egg white, which 
had been precipitated from native egg white with ice-cold acetone, with 50% 
alcohol containing 10% acetic acid. The mixture was filtered, evaporated 
under reduced pressure, dissolved in water, precipitated with alcohol, fil-
tered, washed with alcohol, dissolved in alkaline water and precipit ated with 
sulfuric acid. The lysozyme was then precipitated from the supernatant by 
flavianic acid, centrifuged, washed with alcohol, ether and dried. This pro-
cedure gave a product with 15.3% nitrogen and several positive protein 
reactions. 
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Roberts (79) modified this procedure somewhat \dth continued repreci ' 
pitations with acetone and derived a product of 13.3% nitrogen content. 
The Linz method (53) is similar to the previous two, but calls for 
dilution of the egg white with physiological saline. The mixture is acidifi 
with dilute acetic acid. Equal volumes of ethanol and acetone are used for 
precipitation. 
In 1945, Alderton, Ward and Fevold (6) were able to isolate lysozyme 
in crystalline form and in much better yields than any previous workers had 
done. The lysozyme from egg white is adsorbed onto a 10% Bentonite solution 
(a very finely divided montmorillonite clay) which included 1% KCl. The clay 
is separated in the Sharples centrifuge and washed with phosphate buffer and 
then with 5% aqueous pyridine. The lysozyme is then eluted from the clay wit 
5% aqueous pyridine solution, adjusted to pH 5 with sulfuric acid. Washings, 
freed of pyridine by dialysis, may then be concentrated by drying in the 
frozen state. Crystallization may be done at pH 4.5 either as the carbonate 
or chloride, or in the isoelectric region, pH 10-11, or at pH 7. 
Lysozyme may be crystallized directly from egg white (4) by adjustin 
to pH 9.5, adding 5% sodium chloride, seeding with isoelectric lysozyme and 
storing at 4C. 
Brief mention was made previously concerning assay; however since 
study developed from a desire to define an original, more convenient 
ethod of assay, a few of the prevailing, standard methods of assay will be 
discussed here in greater detail. 
Boasson (10) grew 14icrococcus lysodeikticus on agar for 24 hours, 
illed the organisms with 1% phenol, washed them with distilled water, and 
-~-
suspended them in distilled water. He found no interference of distilled 
water with the lysis phenomenon. Using dilute egg white or a Wolff lyso-
zyme pr eparation in Moll-extinctiometer cuvet tes, a definite deflection of 
the galvanometer needle corresponded to a definite number of organisms added. 
Thus he plotted concentration of bacteria against deflection of galvanometer. 
As lysozyme was added, lysis was d~nonstrated by galvanometer deflection; and 
the deflection was plotted against time to produce a smooth curve with no 
L~flection point. Boasson states that lysozyme activity is dependent upon 
lthe amount of enzyme and the composition of t he medium if the number of 
organisms, temperature, and instrument remain constant. He found that high 
electrolyte concentration inhibits the adsorption of lysozyme. Optimal pH 
was 6.2, caused by two factors: at lower pH's the action of lysozyme 
increases, but visible lysis is inhibited. 
Meyer and co-workers (69) tested the activity of their preparation 
on susceptible sarcinae and noted progressive increase in non-protein nitro-
gen, inorganic phosphate and reducing substances. They were able to extract 
lysozyme from the sarcinae and found it to be active against other strains 
of sarcinae. Both organism and enzyme were dissolved in saline and incubated 
at 37C; readings were taken at the end of 1, 18, and 20 hours. The highest 
dilution where Complete lysis occurred was taken as the end point, although 
partial lysis was noted at much higher dilutions. Tne unit of activity was 
taken as the smallest amount of enzyme causing complete lysis in the test. 
Lenti (51) tested lysozymic power on l{icrococcus lysodeikticus by 
centrifuging and observing the sediment through a microscope. The minimal 
amount capable of producing total lysis under these conditions was 0.1 mg 
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r
d this was termed the minimal lytic unit. 
Meyer and Hahnel (64) prepared a mucopolysaccharide fraction from th 
~licrococcus lysodeikticus by extraction with 0.5 N sodium hydroxide and 
repeated washings with alcohol and ether. They traced the depolymerization 
pf this substrate viscosimetrically after incubation with lysozyme for defi-
~ite time intervals, and found this method superior to bacteriolytic methods. 
~ensitivity varies graatly with changes in strain and medium. This variation 
~.~hey explain on the basis of changes in the autolytic enzymes contained •dthir 
~.~he bacterial cell, which affect the visible clearing of the suspension. 
Desiring a more accurate method with a minimal expenditure of time 
prompted Smolelis and Hartsell (90) to develop the turbidimetric method of 
l ssay. They cultured ~licrococcus lysodeikticus on veal infusion agar media 
for four days, subculturing daily. They harvested the cells in pH 6.2 phos-
phate buffer, killed them by ultraviolet light, shell-froze them and dried 
~hem in vacuo. The cells were suspended in phosphate buffer and submitted 
~o dilutions of lysozyme of from 1:10,000 to 1:6,400,000. After 20 minutes' 
~cubation at room temperature, readings were taken on a Coleman spectrophoto-
neter. This method of assay proved to be of sufficient accuracy to warrant 
ts use in testing various other materials for lytic activity. 
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EXPERIMENT.AL PROCEDURE 
Three dozen fresh eggs were separated, discarding the yolk and fil-
tering the whites through cheese-cloth. They were homogenized for fifteen 
!minutes by means of a moderate speed, motor-driven stirrer, and then adsorbe 
onto a 10% solution of Bentonite to which 1.5 g of KCl had been added. The 
clay was separated in the refrigerated centrifuge, and w~shed, twice with 
300-ml portions of 0.5 M phosphate buffer and three times with 300-ml por-
tions of 5% aqueous pyridine. The supernates were discarded after each wa~hli 
ing. The lysozyme was eluted from the adsorbing agent by washing twice with \1 
300-ml portions of 5% pyridine which had been adjusted to pH 4.5 with sul- I 
furic acid. The combined eluates were dialyzed against r~~ning tap water fo 
Ji three days and then against distilled water, which was changed frequently, 
lfor one more day. This procedure was found to be perfectly adequate for 
!removal of the odor of pyridine. Contents of the dialysis bags was pervapor 
ated by hanging before an electric fan over night; the material, thus 
I decreased in volume to about 300 ml, was lyophilized. The resulting amor-
phous lysozyme was a white flaky powder. 
To a 5% solution of the amorphous substance, 0.5 g of sodium bicar-
bonate per ten ml was added and the pH adjusted to 9.8 with NaOH. The 
material was stored at low temperature until crystallization was effected 
I lysozyme carbonate. The chloride was prepared by adjusting to pH 4.5 with 
HCl, adding 5% of solid NaCl and storing at 4C until crystals appeared (15). 
The following buffer solutions were prepared: 
M/15 phosphate buffer - pH 6.2 
M/10 acetate buffer - pH 6.0 to 0.15 M NaCl 
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M/5 acetate buffer - pH 4.2 
Potassium hyaluronate, hyaluronidase, and acidified protein prepar 
ations conformed to the report of Davison, Derow and ivalker (19) and to per-
sonal instruction and advice rendered by them. 
Stock solutions of enzyme lysozyme were made up as needed using the 
lysozyme preparation described above and lysozyme purchased from the Delta 
Chemical Company. Unless otherwise indicated the solutions of enzyme were 
in the pH 6.2 phosphate buffer. 
~licrococcus lysodeikticus, strain 4698, obtained from the American 
Type Culture Collection, Sarcina lutea, obtained from Doctor G. Young1 , two 
strains of Staphylococcus aureus, and one each of Staphylococcus albus and 
citreus, from the Medical School of Boston University, were grown in tryptic 
digest medium (19), subculturing every 24 hours for three days. After the 
third subculture, the organisms were transferred to Kolle flasks and grown 
for one more day on tryptic digest agar medium. The general procedure of 
Smolelis and Hartsell ( 90) was followed. The organisms were killed in the 
flasks by the addition of 5 ml of 1% phenol, transferred without loss from 
the flasks and allowed to remain in the phenol solution for at least an hour 
The cells were separated by centrifugation and washed repeatedly in phosphat 
buffer. Lyophilization followed, and the dried organisms were stored at 4C 
until needed. Coleman tubes were set up as shown in charts 2 and 3 . The 
spectrophotometer was set at 100% transmittance with a blank containing 10 
m1 pnosphate buffer using a wavelength of 540 mu. Tubes were mixed thorough 
after filling them and the transmittance values read immediately, then 
1. Department of Bacteriology, Boston University. 
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Chart 2 
Lytic .Activity on Uicrococcus 1ysodeikticus of Lysozyme Carbonate. 
Tube 
' m1 m1 r Transmittance ' m1 23C 
·-
39C 
No. ' organism I buffer ' reading enzyme 1 cone. '% ~ T ~ -20 min ' 35 mi n 
,_ 
1 10 100 ' 100 1 100 100 
I_ I 
2 5 5 11. 2 136.3' 37.8 ' 38.1 
3 5 11.7 5 1:10,000 ' 39.0' 88.0 I 93.0 
4 5 11.4 5 11:100,000137.8 1 54.3 6~.2 
I 
5 5 11.8 5 •.l:JpCQ 000'37 .9 1 4J.. 7 I 49.2 
I I 
Chart 3 
Activity on Sarcina of Delta lysozyme. 
,_ I_ 
1 10 100.0 1100 I 100 I 100 
2 5 5 22.0 134.0 1 34e0 I 35.2 
3 5 22.0 5 I 1:10,000 149.0 1 52.0 I 57.0 
4 5 22.0 5 I 1:1001 000 146.0 1 58.0 I 62.0 
I I 
5 5 22.0 5 '1: 1, ooo,ooo•_ 36 .o 1 51.0 64.0 
I 
allowed to stand for 20 minutes at room temperature and read again, incubate 
for 30 to 40 minutes at 37C and read for the last time. Typical assays 
appear on charts 2, 3, 4, 5 and 6. 
The procedure for the hyaluronidase assay was that used by Davison, 
Derow and Walker (19) and the setup of Coleman tubes is shown on chart 7. 
Tubes were incubated at 37C for half an hour, placed in a water bath set at 
60C for ten minutes and allowed to cool. To each was added 3 ml of pH 4.2 
acetate buffer and 1 ml of acidified protein, contents mixed thoroughly, 
allowed to stand for 5 minutes and read without delay in the spectrophoto-
meter, wavelength of 600 mu, set at 100% transmittance with tube #8. A 
typical assay is shown on chart 7. 
A similar procedure was followed for the lysoz.yme of the various 
methods of preparation. 
Calculation in both enzyme assays involves a plot of concentration 1 
against turbidity readings in terms of absorbance. This should produce a 
straight line. Enzyme concentration of the lower blank indicates the amount 
o.f enzyme containing one turbidity unit, as defined by Kass and Seastone (43 ' • 
The test for hyaluronidase activity in the staphylococcus filtrate, 
proceeding as recorded above, was demonstrated on the "L" strain of Staphy-
lococcus aureus which was originally isolated from a mastoid infection, and 
found to be hemolytic and to produce coagulase in large amounts (19). 
0.1-ml portions of overnight broth subcultures from stock slants were used 
to inoculate 100-rnl portions of tryptic digest broth. The broth was incu-
bated for 5 days at least, at 37C, centrifuged at high speed in a refrigera-
ted centrifuge for 45 minutes and the supernate passed through a Berkefeld 
filter. The typical assay for such a test is shown on chart 7. 
Tube 
No. 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
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Chart 4 
Activity on StaEhzlococcus aureus of Delta lysozyme at 50C*. 
I ml ml ml 
1 Organism 1 Buffer I % T I enzyme 1. Cone. I%TI 15 min. I 30 mine 1 60 min. 
10 I 100 I I 100 I 100 100 100 
5 5 I 21.6 1 I 40.QI 42.5 43.2 44.4 
5 I 20.9f, 5 1:10,000 I 37.5 1 42.5 42.8 44.2 
5 I 20.9 1 5 1:100,000 I 39.0 1 42.3 42.8 44 . 0 
5 I 20.8 1 5 I 1:1,000,0001 39.8 1 42.5 42.8 44.0 I 
~ 
Chart 5 
Activity on StaEhzlococcus albus of Delta lysozyme at 50C* . 
I 
10 I lQQ 
' 
I 100 100 100 100 
5 5 I 10.1'. I 19.8 1 21.5 22.4 22.6 
5 ' 11.2 1 5 1:10,000 I 21.8 1 33.5 44.3 60.7 I 
5 I 11.7 1. 5 1:100,000 I 23.2' 26.2 30.0 42.4 I 
5 8.0 1 5 ' 1:1,000,000' 15.1' 16.5 l6.8 23.0 I 
* This temperature seemed to be optimal for any demonstrable lysis. Using 
lower temperatures, less activity or none at all was noted. 
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Chart 6 
Activity on Stap~lococcus citreus of Delta lysozyme at 50C*. 
Tube 1 ml ml ml 
No. 1 Organism Buffer 1 % T 1 enzyme 1 Cone. 1 % T 1 15 min. 1 30 min. 1 60 min . 
1 
2 
3 
4 
5 
5 
5 
5 
5 
10 
5 
I 100 I 
I 13.81 
I 
I 13.6 1 
' 13.8' 
13.9 1 
5 
5 
5 
1:10,000 
I_ 
I 100 I 
I 26.3 1 
I_ 
,_ 26.8 1 
1:100,000 I 27.2 1 
I 1:1,000,000 I 27e5 1 
100 
29.2 
62.7 
47.8 
33.8 
100 
31.4 
69.0 
54.5 
38.0 
* This temperature seemed to be optimal for any demonstrable lysis. Using 
lower temperatures, less activity or none at all was noted. 
Chart 7 
Showing the setup of Coleman tubes suitable for testing for 
enzymatic activity on hyaluronic acid. 
Tube 1 ml cone. 1 ml pH 6.0 1 ml I ml pH 4.0 ml 
No. 1. substrate 1. substrate ' Ac- Cl 1 enzyme 1. Ac acidified 
mg/ml buffer buffer serum 
1 0.50 0.25 0.50 __ I 3 1 
'· 2 0.25 0.125 0.75 3 1 
3 0.50 0 • .25 0.50 3 1 
4 0.50 0 • .25 0.10 0.40 3 1 
5 0.50 0 • .25 0.20 0.30 •.c 3 1 
6 0.50 0.25 0.30 0.20 3 1 
7 0 .50 0.25 0.40 0.10 3 1 
8 1.00 3 1 
100 
I_ 
68.2 
2f a 
Chart 8 
Sho•r.lng data from a typical assay of bacterial hyaluronidase, and of the effect 
of two lysozyme preparations on hyaluronic acid. 
Refer to graphs 1, 2 and 3. 
I Bacterial Hyaluronidase Lysozyme Carbonate Delta Lysozyme 
Tube 1--------------------------~--------------------------L------------------------
No. % T Abs. % T Abs . % T Abs . 
'i 
1 50.0 0.302 48.3 0.315 46.2 0.335 
2 71.6 0.145 73.9 0.133 67.8 0.169 
3 81.0 0.091 53.8 0.263 55.3 0.255 
4 71.8 0.144 52.$ 0.279 53 . 5 0.271 
'· 5 65.5 0.184 51.4 0.290 51.2 0.290 
6 59.5 0.226 49.8 0.305 50.3 0.299 
7 53.8 0.290 49.1 0.310 48.6 0.314 
8 100.0 o.o 100.0 o.o 100.0 o.o 
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Calculations 
Graph 1: 
Graph 2: 
Graph 3: 
Graph 4: 
GRAPHS 
absorbance of lower blank = 0.145 
therefore 0.38 m1 diluted filtrate • l T. R. U.* 
thus l ml diluted filtrate : 2.63 T. R. u. 
filtrate dilution factor = 25 
(filtrate had been diluted 1:25) 
therefore l ml undiluted filtrate contains 66 T. R. U. 
absorbance of lower blank = 0.133 
therefore 1.58 ml en~Jme solution = 1 T. rl . U. 
thus 1 ml enzyme solution= 0. 63 T. R. U. 
absorbance of lower blank = 1.69 
therefore 1.03 ml enzyme solution= l T. R. u. 
thus 1 ml enzyme solution = 0.97 T. R. U~ 
absorbance of lower blank = 0.166 
0.46 ml diluted filtrate = 1 T. R. U.; 1 ml : 0.22 T. n. U. 
dilution factor = 25; therefore 1 ml = 55 T. R. U. 
* T. R. u. = turbidity r educing unit as defined by Kass and Seastone (43). 
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I ---:~~~=ates of Staphylococcus -al.l>us and citreus, Nicrococcus ~~~ 26 
deikticus and Sarcina lutea, by a procedure identical with that used for I 
I 
yaluronidase production in the ~· ~~ filtr ate and its subsequent turbi- j 
dimetric assay as described above, hyaluronidase production has been assayed. 
By a turbidimetric method similar to the one outlined above, the 
effect of the addition of lysozyme to the hyaluronidase has been sho\m 
endeavoring to dete1~e the change in the hydrolysis of hyaluronic acid. 
'iefer to chart 9 for typical assay. One tube containing only substrate and 
uffer was made up to show maximum precipit at ion. To show the effect of both 
enzymes together a sllnilar tube was prepared substituting buffer with e~ual 
arts of each enzyme. A tube of each enzyme was prepared, substituting buffer, 
>for the one enzyme not present in each, in order to show the effect of the I 
~same volume used in the combined effect tube when that volume was not accom- I 
anied by the other enzyme. Finally a tube of each enzyme with no buff er 
was prepared to show the maximal amount of clearing obtainable by each enzyme 
separately. These tubes were then incubated and the same procedure followed 
rom this point as for a typical hyaluroni dase assay. Shown on chart 10 is 
the effect of the hyaluroni-~he eff ect of adding lysozyme to the assay after 
r ase has been terminated by heating to 60C. The addition of lysozyme was 
r hen followed by another period of incubation at 60C for 20 minutes . From 
r ere the procedur e parallels the typical hyaluronidase assay. 
1 
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Chart 9 
Showing the combined effect of hyaluronidase and lysozyme added to substrate together 
before incubation. 
ml 
Tube I ml 'pH 6.0 1 ml hyal- I ml ly- I ml pH 4.2 ml acid ' 
No. 1 substrate 1 buffer 1 uronidase 1 sozyme 1 buffer 1. protein' % T I Abs . 
I 
'· 
l 0.50 0. 50 3.0 1 . 0 50. 9 ' 0 . 292 
2 ·I 0.50 0 . 25 0.25 3 . 0 1.0 62.1 I 0 . 206 
3 0.50 0.25 0 . 25 I 3.0 1.0 52.1 I 0 . 284 
4 0.50 0.50 3.0 1 .0 82.4 I 0 . 084 
5 0.50 0.50 I 3.0 1.0 57 . 8 I 0.238 
1. 
6 0.50 0.25 0.25 I 3 . 0 1 . 0 88 . 8 0.053 
7 1 .. 00 3.0 1 . 0 I 100.0 I o.o 
Chart 10 
Showing combined effect adding enzymes separately and incubating after each addition. 
Refer to graph 4. 
l 0.50 1 . 50 1. 3 . 0 1 . 0 49.8 1. 0 . 304 
2 0 . 25 1.75 3 . 0 I . 1.0 68.3 I 0 . 166 
3 0.50 0 . 50 1 . 0 3 . 0 1.0 70.1 ' 0 .155 
4 0. 50 0.10 0 . 40 1.0 3.0 1 . 0 65 . 0 I 0.188 
5 0.50 0.20 0.30 1 . 0 3 .0 1 . 0 63 . 0 0.201 
6 0.50 0.30 0.20 1.0 3.0 1.0 57.6 I 0.240 
7 0.50 0. 40 0 .10 .1.0 3.0 1.0 55 . 1 I 0 . 259 
8 1.00 1 . 0 3 . 0 1 . 0 , 100.0 , o.o 
I! 
i~ULTS AND CONCLUSIONS 
1. Longsworth and co-workers (54) found their globulin ~ from egg 
white to comprise about 2.~fo of the egg white proteil1s. As stated previouslJ 
this component is thought to be identical with lysozyme. Alderton, Ward 
and Fevold (6) report an average yield of about 2.5~ of the egg white pro-
teins to be lysozyme. In the preparation of lysozyme, herein reported, we 
were not able to duplicate these values. Carter (15) using a procedure very 
similar to that of Alderton et al reports an unexpected yield of 2 to 2.5 
grams of amorphous lysozyme per liter of egg white. Using his procedure 
with very few modifications, our yield was considerably higher. 
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2. Lytic activity has been demonstrated on Hicrococcus lysodeiktict s 
and Sarcina lutea by each of the several preparations of ~ white lysozyme 
from this laboratory and by the preparation of lysozyme obtained from the 
Delta Chemical Company. The procedure used to demonstrate lysis was similar 
1 to that used by Smolelis and Hartsell (90). The activity of the various pre-
parations seemed to be reproducible. 
four preparations is shown on chart 11. 
A comparison of the activity of the 
Optimal concentration of the enzyme I 
seemed to range from 1 to 10 mgs % or from 1:10,000 to 1:100,000 as indicated ! 
on the charts. At 50C a concentration of 1:1,000 produced no lysis over a 
period of 24 hours. Absorbance values vvere increased over this period of 
time rather than reduced. There was a variation as to optimal concentration 
at a given temperature with the particular preparation used, and with the 
particular organism being lysed. Lysis seemed to progress most rapidly at 
50C. It seems ~uite possible that lysis by this method reaches completion 
and that it is shown by complete clearing of the suspension, inability of a 
precipitate to form on standing for as long a period of time as 24 
ll ~ 28 
hours , and 
by low absorbance value. Results show that in almost every case a low I 
absorbance is reached in a certain length of time; after this point has been 
reached, there is a tendency for the readings to rise slowly. No definite 
time at a given temperature can be designated as the beginning of this 
change. It varies with the concentration. On tlicrococcus lysodeikticus 
lysis could be demo~astrated using as low a concentration as 1:8,000,000. Th 
rate at this concentration is materially reduced . However, at very lo>'l con-
centrations, lysis could be very easily demonstrated by elevating the temper 
ature. Ten minutes at 90C lowered the absorbance value of a suspension of 
cells in a lysozyme solution of 1:1,000,000 to a reading comparable to one 
found on a similar suspension of cells in lysozyme solution of 1:10,000. 
Sarcina lutea seemed to be susceptible to lysis only when higher concentra-
tions were used. A lysozyme concentration of less than 1:800,000 seemed to 
be of little effect in production of lysis. 
A strain of Staphylococcus aureus, albus and citreus were tested fo 
I 
susceptibility to lysis by lysozyme in a manner similar to 
above. Aureus showed no susceptibility whatsoever. Lysis 
that described I 
of albus progressea
1
, 
organisms men-at 50C much more slowly than it did when either of the two 
tioned above were used. No point was reached, however, when it seemed that 
lysis was complete. Citreus v1as susceptible in a manner very similar to .§. 
lutea but not so quickly. A point was reached when the absorbance values 
slowly increased. 
]. The results of Davison, Derow and Walker (19) have been verified ~ 
1on the hydrolysis of hyaluronic acid by hyaluronidase. A minimal amount of 
I activity on the same substrate has been shovm by lysozyme. This finding 
I 
·- -' 
Chart 11 
Showing the bacteriolytic eff ect on ~crococcu§ ~~~QQL~ikticus of varying concentrations of several lysozyme. 
solutions after several time intervals in the course of lysis. 
l 
t 0 5 
Absorbance Values 
Lysozyme Chloride 
10 20 I 30 I_ 60 
t ' I I I I I I I 
. . 
0 5 
t 0.10() I 0.000 I 0.000 I 0.000 I 0.000 10.000 I 0.000 1. 0.000 I 0.000 
I 
t '· 
Delta Lysozyme 
10 20 30 60 
0.000 I O.COQ o.coo ' 0.000 1 
t 0 .069 I '0.337 I 0.060 I 0.065 I 0.078 10.082 I 0.105 I 0.337 I 0.060 I 0.058 I 0.078 I 0.088 I 0.123 1 
t 
., o.os7 ' 0.328 1 0.055 ' 0.055 r 0.054 1 o.QSl ' o.074 1. o.328 0.055 I 0.049 I 0.049 t 0.052 1. 0.055 I 
. I I . 
I O.lll 0a328 I 0.237 1. 0.163 I 0.094 10.090 I 0.093 1. 0.321 0.214 0.117 I 0.079 I 0.084 1. 0.087 1 
I, 
'· 
. '· 
~ 
N 
--J 
lit 
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I though reproducible has shown no tendency to enhancement either by varying 
temperature, time, concentration, ionic strength or pH. 
I 
4. Filtrates of certain strains of Staphylococcus aureus have been 
shown to produce hyaluronidase as indicated above. Strains of Sta h lococcuJ 
albus or Staphylococcus citreus do not seem to produce hyaluronidase, nor do 
Micrococcus lysodeikticus or Sarcina lutea . 
5. By adding lysozyme simultaneously with hyaluronidase to hyalurol 
nic acid as shown on chart 9, there seemed to be a slight additive effect to · 
the extent of about one T. R. U. A comparable turbidity reducing effect was 
noted when lysozyme was added without hyaluronidase as shown on chart 8. 
vfuen the two enzymes were added separately, each addition being followed by 
a separate period of incubation, the effect of the added lysozyme did not 
seem to enhance the hyaluronidase turbidity reducing ability. In fact, as 
shown by graph 4 and its accompanying calculation, the turbidity reducing 
units dropped from 66, when hyaluronidase was added with no lysozyme, to 55 
when the lysozyme was added.l 
6. It is f elt that a problem for further study has been suggested 
by the study of the lysis of various organisms by lysozyrrte. The method of 
Smolelis and Hartsell (90) and the use of the Coleman Junior spectrophoto-
meter should provide an excellent method for a study of the kinetics of this 
bacteriolytic reaction. 
7. At the conclusion of the research work on this problem, mainly 
'out of sheer curiosity, the lysis of a fibrin clot was att empted using the 
method suggested by ~lilstone (105). Varying amounts of enz~ (1:10,000) 
were brought to a volume of 1.3 ml by the addition of phosphate buffer (pH 
0.2 ml of bovine fibrinogen (approximately 0.43% in physiological saline) 
1. L s~~susce2tible or anisms showe ~o eviden~e_of_~ombined_efi~ 
added, and then one drop of thrombin was added. In all cases a clot formed 
as vvould be expected which was completely lysed in from three to six hours 
depending on the concentration. Tnis finding suggests itself as a possible 
source of a substrate for lysozyme which is non-bacterial in nature. 
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ABSTRACT 
In 192B it was shown that testicular extracts would enhance the 
I spreading effect of a virus (70). Soon after, certain pathogenic bacter ia 
I and poisonous snakes and insects (26) were found to exhibit a similar capa-
city. Such properties were said to result f r om the activity of "spreading 
factors." Later it was found that these spreading factors--actually enzymes 
with a definite scope of activity--liquefy the ground substance of the 
From pneumococci &1 enzyme capable of hydrolyzing polysaccharide 
acids found in the vitreous humor, umbilical cord and Group A streptococci 
(63) was demonstrated. 
In 1939 these spreading factors wer~ named hyaluronidases (17). 
They are mucolytic enzymes and depolymerize their substrates into reducing 
sugars. Hyaluronidase production in bacteria seems to be associated with 
coagulase and alpha-hemolysin production (B5, 19). However, Cunliffe feels 
that more work is needed before there can be made a definite correlation 
between hyaluronidase aRG tfie production and virulence of the organi sm. 
Various methods of assay for hyaluronidase are used: measurement 
of the spreading effect (40); ·mucin-clot prevention (55, BO); bacterial 
decapsulation (61); viscosirnetric (56); and by estimation of increase in 
reducing sugars (41, Bl). Turbidimetric assay (43, 86, 62, 99, 19) depends 
upon the concentration of enzyme, which is inversely proportional to the 
of turbidity remaining after the addition of protein. 
Lysozyme was discovered in 1922 by Fleming when he noticed in the 
-=1 -- --------------l~asa: mu~:~-:;-man a bacteriolytic substance vwith properties similar to a , ferment (29). This particular bacteriolytic effect had been noted previousl j 
I by others, but they failed to recognize its enzymatic nature and were not 
able to characterize it. ~sozyme was soon found to be a constituent of 
many secretions and tissues of man and animals, and later was found in cer-
tain plants. Its lytic effect has for the most part been demonstrated 
against non-pathogenic bacteria, such as various micrococci; however, others 
have been shown to be lysed. 
Several abnormal conditions in the living organism seem to have a I 
I 
relation to lysozyme. Colds reduce the lysozyme in the nasal secretions (39)l 
Animals deficient in Vitarr~n A and uronic acids produce lysozyme in their 
tissues but are unable to utilize it as a defensive mechanism (93) . Lysozyme 
l has been thought to have a role in the etiology of peptic ulcer, and in 
chronic ulcerative colitis by removing the protective surface of mucus, thus 
!preparing the way for necrotizing action by bacteria (68). 
Lysozyme is a basic protein of low molecular weight, stable to heat 
I 
in acid solution. Lysozyu1e has been crystallized from egg white in good 
yield with a high degree of purity. As an enzyme lysozyme has been found 
' to have no protease, kli1ase, amylase, lipase or phosphatase activity. Lyso-
zyme seems to be a mucolytic enzyme, depolymerizing its substrate into reduc-
ing sugars (64). Lysozyme is antigenic and will give specific precipitin 
reactions. 
Electrophoretic study of egg white (54), which is a rich source of 
lysozyme, reveals only one component with an isoelectric point above pH 7.0. 
Extrapolation of the mobility curve shows an isoelectric region for this 
component around pH 10.5 to 11.0, which is the isoelectric region of egg 
ii 
I 
I j 
lysozyme. 
Lysozymic activity may be broken down into three phases: (1) adsor 
Jtion of the enzyme onto the cell surface containing an acetylated aminopoly-
1 saccharide; (2) depolymerization of the substrate; and (3) visible alteratio 
of the cell (37). During adsorption the electrokinetic potential rises on a 
sensitive cell, and then falls to normal. On an insensitive cell the reverse 
process occurs (21). Cells are lysed in an unimolecular reaction (87). The 
substrate then changes into N-acetylaminohexose or ketose, and after a series 
of chemical and physical changes visible lysis occurs, and the cell contents 
are liberated. 
The most successful isolation of egg \ihite lysozyme (6) involves an 
adsorption onto Bentonite, elution with 5% pyridine adjusted to pH 5 with 
sulfuric acid, dialyzing to free of pyridine, drying in the frozen state, and 
crystallizing either as the carbonate or chloride or in the isoelectric 
region. Quantitative assay methods involve demonstration of lysis by galvan-
ometric deflection (10), measurement of increase in NPN, inorganic phosphate 
or reducing substances following lysis or as it progresses (69), microscopic 
demonstration of lysis (51), viscosimetric measurement of the breakdown of a 
mucopolysaccharide fraction obtained from lysozyme (64), and by measuring the 
decrease in turbidity of a cell suspension caused by addition of enzyme (90). 
Neyer has pointed out certain similarities in these two enzymes as 
discussed previously. His suggestion served as the foundation for the presen 
study devoted to a further comparison of these two enzymes. An attempt has 
been made to assay lysozyme by a method similar to that used by Tolksdorf (99 
in hia assay of hyaluronidase. A minimal amount of activity upon substrate I 
potassium hyaluronate by lysozyme has been shown. Hovtever, it has not been I 
I 
iii 
iv 
of the order demonstrable by hyaluronidase upon the substrate. ~'lith hyaluron· -
dase it is fairly easy to demonstrate from 50 to 60 turbidity reducing units 
(43), but with lysozyme barely one unit of activity could be sho\ino 
Bacterial hyaluronidase of such a titer as indicated above is obtain 
able from certain strains of hemolytic, coagulase-producing, pathogenic 
Staphylococcus aureus. Other strains--non-pathogenic--of staphylococci, albu 
and citreus, do not produce hyaluronidase. 
It has been sho-~m that lysozyme will lyse certain micrococci, such 
as ~icrococcus lysodeikticus and Sarcina lutea. Of the staphylococci, the 
aureus variety is not susceptible to lysozyme activity. Albus is moderately 
susceptible, and citreus is lysed quickly and completely,, much as Sarcina 
lutea. 
~v'hen added together to the hyaluronic acid salt substrate, the 
hydrolyzing effect seems to be slightly enhanced if the addition of the 
enzymes has not been interrupted by separate periods of incubation. However, 
if hyaluronidase is added first, followed by a period of incubation, and then 
lysozyme added, the effect is not enhanced. The number of turbidity reducing 
units in this case seems to drop. 
Various preparations of lysozyme seem to lyse Nicrococcus lysodeik-
ticus and Sarcina lutea similarly. The reaction seems to occur most rapidly 
at a temperature of 50C and at a concentration 1 to 10 mgs %. A higher con-
centration does not lyse the cells. A pH of 6.2 is suitable for the lytic 
reaction. Beef heart infusion provides a good medium in which to grow the 
bacteria. 
Previously no substrate beside bacteria has been found which is sus-
ceptible to lysis by lysozyme. An initial experiment indicates that a fibrin 
clot may nrovide such a substrate 
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